The induction of the formation of inclusion vesicles in Leishmania amazonensis by the sterol biosynthesis inhibitors (SBI) ketoconazole and terbinafine has been reported previously. These compartments were recently identified as acidocalcisomes. By the use of electron spectroscopic imaging and energy loss spectroscopy, the presence of calcium, phosphorus and oxygen in the electron-dense inclusions located within the acidocalcisomes has been demonstrated. Endoplasmic reticulum cisternae formed membrane whorls which enclosed large portions of the cytoplasm and sometimes circumscribed acidocalcisomes. In addition, acid phosphatase activity, as well as the endocytic tracers horseradish peroxidase and gold-labelled transferrin and cystatin C were detected within these organelles in both SBI-treated and untreated parasites. These data suggest that impairment of sterol biosynthesis induces the biogenesis of acidocalcisomes and triggers an autophagic process that leads to intersection of the endosomal/lysosomal system with the acidocalcisomes.
INTRODUCTION
The antifungal sterol biosynthesis inhibitors (SBI) present microbicidal activity against trypanosomatid parasites both in vitro and in vivo (Behamdan et al., 1997 ; Berger & Fairlamb, 1992 ; Berman, 1988 ; Chance, 1995 ; Olliaro & Bryceson, 1993 ; Rangel et al., 1996 ; Urbina et al., 1996 ; Vannier-Santos et al., 1995 ; Werbovetz et al., 1992) . SBI such as ketoconazole and terbinafine have additive or synergistic leishmanicidal effects (Vannier-Santos et al., 1995) and terbinafine was shown to revert the azole resistance in Leishmania braziliensis (Rangel et al., 1996) . We have previously noticed (Vannier-Santos et al., 1995) Abbreviations : ER, endoplasmic reticulum ; ESI, electron spectroscopic imaging ; SBI, sterol biosynthesis inhibitors.
ance of inclusion vesicles and therefore may constitute useful tools for studying the cell biology of this ubiquitous but obscure organelle in trypanosomatid parasites. Inclusion vesicles were previously described as membrane-bound organelles displaying electron-dense cores associated with the luminal face of the membrane (Bird et al., 1966 ; Vickerman & Preston, 1976 ; Vickerman & Tetley, 1977) . This organelle received different designations such as electron-dense granules (Carvalho et al., 1979) and lysosomes (Macadam & Williamson, 1974a, b ; Slomianny & Prensier, 1990 ; Williamson & McLaren, 1981) based upon their ultrastructural appearance and the presence of acid phosphatase activity as reported in Trypanosoma gambiense (Seed et al., 1967) , Trypanosoma rhodesiense (Dvorak et al., 1988) and Herpetomonas samuelpessoai (Carvalho et al., 1979) . Understanding the physiological role of these so-called inclusion vesicles has been hampered by the difficulty in matching early histochemical data with current electron microscopy observations, particularly whenever techniques such as quick freezing, freeze-substitution and ultracryomicrotomy are employed (Dvorak et al., 1988 ; Scott et al., 1997) . Thus, organelles of distinct origins and chemical composition may be mistaken (Vickerman & Preston, 1976 ; Herbert, 1965a, b) and the identification of this compartment on electron micrographs has been considered purely arbitrary (Watson & Lee, 1975) . Despite its widespread distribution in diverse organisms, little is known about the functional dynamics of these structures, particularly in protozoa, and most of the knowledge in this field relies on early publications. Similar organelles in H. samuelpessoai were suggested to comprise endosomal\lysosomal compartments based upon the presence of acid phosphatase activity and incorporation of iron as assessed by X-ray spectra (Carvalho & De Souza, 1977) , in addition to the presence of a porphyrin prosthetic group peroxidase activity (Carvalho et al., 1979) . Similarly, they were termed pigment bodies in Trypanosoma cyclops and may correspond to sites of intracellular accumulation of haemoglobin ingested by endocytosis (Heywood et al., 1974 ; Weinman, 1971) . Vickerman & Tetley (1977) suggested that inclusion vesicles and pigment bodies, detected by both light and electron microscopy (Heywood et al., 1974) , are different entities, but the possibility that they comprise distinct stages of a single compartment was not excluded. It must be noted that the former is more frequent in both T. cyclops (Heywood et al., 1974) and H. samuelpessoai (Carvalho & De Souza, 1977) cultivated with haemoglobin and haemin, respectively. Similar electron-dense membranebound vesicles were regarded as stored metabolic products in Herpetomonas megaseliae (Janovy et al., 1974) . More recently Scott et al., 1997) , structurally identical compartments in Trypanosoma cruzi were ascribed to be the acidocalcisomes (Vercesi et al., 1994) .
In this study we report data on the formation and composition of acidocalcisomes in ketoconazoleand terbinafine-treated and untreated Leishmania amazonensis promastigotes. The possible intersection of this organelle with the endosomal\lysosomal system is suggested.
METHODS
Parasites. The MHOM\Josefa\75\Br strain of Leishmania amazonensis (kindly provided by Dr C. A. Cuba-Cuba, Universidade de Brası! lia, Brazil) was isolated from a human case of diffuse cutaneous leishmaniasis. It was maintained by hamster footpad inoculation and in axenic culture in Warren medium supplemented with 10 % foetal calf serum at 26 mC.
Ultrastructure and biogenesis of acidocalcisomes. Promastigotes and amastigotes were incubated with different concentrations of either terbinafine or ketoconazole (0n001-1 µM) in Warren medium, fixed in 2n5 % glutaraldehyde and 0n2% picric acid in 0n1 M sodium cacodylate buffer, pH 7n2, after 72-and 96-h treatments. Cells were washed, post-fixed in 1 % OsO % , 0n8 % potassium ferricyanide in the same buffer, dehydrated in acetone and embedded in Epon. Thin sections were collected on 400 mesh copper grids, stained with uranyl acetate and lead citrate and observed with a Zeiss CEM 902 transmission electron microscope.
Endosomal/lysosomal origin of acidocalcisomes. Treated and untreated parasites were incubated for 60-120 min in the presence of horseradish peroxidase (Graham & Karnovsky, 1966) or 10 nm gold-labelled human transferrin as described by Borges et al. (1998) . Purified human cystatin C (kindly provided by Dr Julio Scharfstein, Universidade Federal do Rio de Janeiro, Brazil) was conjugated to 10 nm gold particles as described by Roth (1983) . For acid phosphatase activity detection, treated and untreated parasites were washed in PBS, pH 7n2, briefly fixed in cold 1 % Grade I glutaraldehyde in 0n1 M cacodylate buffer, pH 7n2, rinsed in 10 mM sodium acetate buffer, pH 5n0, at 4 mC and incubated for 45 min at 37 mC in the same buffer containing 1 mM CeCl $ , 1 mM sodium-β-glycerophosphate, 5 % sucrose (Robinson & Karnovsky, 1983) . Cells were then washed, fixed again in 2n5 % glutaraldehyde in cacodylate buffer for 1 h at room temperature and processed as described above. Sections were stained with lead citrate and observed under a Zeiss 900 electron microscope. Drug-induced biogenesis of acidocalcisomes condenser and objective apertures were 100 and 90 µm, respectively. Elemental distribution images of oxygen and phosphorus were calculated using the three windows method (Reimer, 1991) . This method uses two images above and one below the absorption edge of an element to remove background electrons and obtain a distribution map of that element. For oxygen, the energy windows below the edge were centred at 490 and 515 eV and the one above centred at 545 eV. For phosphorus, the two energy windows below were 100 and 110 eV and the one above was 150 eV. For calcium, the two-window method was used with an energy window below the edge at 330 eV and another above the edge at 360 eV. Elemental maps were calculated by digital subtraction of these two images. For electron energy loss spectroscopy (EELS), spectra were recorded by an integrated photomultiplier operated by dedicated software via an IEEE 488 interface (Kontron). The microscope was operated in spectrum mode at 80 kV using an objective aperture of 30 µm. The energy selecting slit aperture was approximately 2 eV. Intensities of energy losses during acquisition were measured at each 1 eV by a digital multimeter. Drugs. Terbinafine [SF-86327 ; (E)-N-(6,6-dimethyl-2-hepten-4-ynyl)-N-methyl-1-naphthalene methanamine] was provided by A. Lindenmann and H. Sta$ helin (Sandoz, Switzerland) through Luı! s Rodrigues (Sandoz, Venezuela). It was added in cultures as a DMSO solution. The final DMSO concentrations never exceeded 1 % (v\v) and had no effect on the proliferation or morphology of parasites. John Russe (Janssen Pharmaceutica, Caracas, Venezuela) provided ketoconazole
The drug was added as an aqueous solution titrated to pH 2n4 with HCl and sterilized by filtration.
RESULTS

Morphological alterations induced by inhibition of sterol biosynthesis
The general appearance of a control promastigote displaying inclusion vesicles or acidocalcisomes is shown in Fig. 1 . Ketoconazole (Fig. 2a) and terbinafine ( Fig. 2b) induced the formation of numerous and diverse acidocalcisomes in both developmental forms of the parasite compared to control cells. Many SBI-treated cells presented circular endoplasmic reticulum (ER) cisternae enveloping portions of the cytoplasm. Acidocalcisome-like organelles could be found in association with such ER profiles (Fig. 2c) . SBI-treated parasites often displayed membranous whorls within vacuoles (Fig. 2d, e ) and in the larger ones the membrane units were not always visible at the centre of the myelinlike structures (Fig. 2e) . These membrane-containing compartments intergraded with acidocalcisomes, which initially presented heterogeneous cores, often showing centre-periphery differences in electron density and granularity (Fig. 2f) . Polymorphic, membrane-containing concretions (Fig. 2g) apparently gave rise to bizarrely shaped acidocalcisomes (Fig. 2h) .
Endosomal/lysosomal origin of acidocalcisomes
Acid phosphatase cytochemical detection assays were performed to investigate the possible relation between acidocalcisomes and lysosomal compartments. Acid Drug-induced biogenesis of acidocalcisomes were incubated with 10 µM terbinafine for 3 d and processed for transmission electron microscopy as described in Methods. The phosphorus elemental map (b) was calculated by the three-window method using two energies below (100 and 110 eV) and one above (155 eV) the energy edge (132 eV). The oxygen elemental map (c) was also calculated by the three-window method using two energy windows below (490 and 515 eV) and one above (545 eV) the energy edge (532 eV). The calcium elemental map (d) was calculated by the two-window method using one energy window above (360 eV) and one below (330 eV) the energy edge (346 eV). A homogeneous distribution of the three elements can be observed within the acidocalcisome. Bar, 0n5 µm.
phosphatase activity was observed both in compartments containing myelin-like figures (Fig. 3a) and acidocalcisomes ( Fig. 3b) in SBI-treated promastigotes. It is noteworthy that the organelle core was membranebound (Fig. 3b) . Such membrane units were not observed in routinely prepared samples. We performed assays in the presence of the endocytic tracers horseradish peroxidase (fluid-phase endocytosis, Fig. 3c ), gold-labelled transferrin (receptor-mediated endocytosis, Fig. 3d ) and gold-labelled cystatin C (Fig.  3e) with SBI-treated and untreated parasites to verify the possible correlation of acidocalcisomes with endosomes. The three tracers were observed in inclusion-containing compartments.
Phosphorus, oxygen and calcium content of acidocalcisomes
Inelastically scattered electrons with element-specific energy losses were used to determine the distribution of several elements in promastigotes before (not shown) and after terbinafine treatment. Both the electron energy loss spectra and elemental maps of the acidocalcisomes revealed the presence of phosphorus, oxygen and calcium. Elemental mapping of acidocalcisomes showed a homogeneous distribution of phosphorus (Fig. 4b) , calcium ( Fig. 4c) and oxygen (Fig. 4d) all over the acidocalcisome cores (Fig. 4a ). Electron energy loss representative spectra confirmed the presence of these elements by demonstrating the calcium L #,$ (346 eV), oxygen K (532 eV), nitrogen (402 eV) edges (Fig. 5a) . The L #,$ edge for phosphorus (132 eV ; Fig. 5b ) and occasionally zinc (not shown) were also detected in this organelle. We cannot exclude the possibility that other elements were washed out during sample processing and\or sectioning.
DISCUSSION
The observations reported show that incubation of Leishmania in the presence of drugs that inhibit the biosynthesis of sterols led to the appearance of increased numbers of polymorphic structures previously recognized as volutin granules and inclusion vesicles (Vickerman & Preston, 1976 ) and more recently characterized as acidocalcisomes (Scott et al., 1997) . The organelles observed here presumably comprise acidocalcisomes since they are the only compartments that accumulate significant amounts of calcium. It has been shown that the electron-dense inclusions found within this organelle in T. cyclops (Heywood et al., 1974) , T. rhodesiense (Macadam & Williamson, 1974a, b) and T. cruzi (Carvalho et al., 1979) contain phosphorus and calcium. These observations were confirmed in this study by ESI and energy loss spectroscopy of acidocalcisomes found in control and SBI-treated L. amazonensis. In addition, oxygen was also detected, reinforcing the presumed presence of oxygenated phosphorus compounds. Recent studies using $"P NMR have shown that this compound is inorganic pyrophosphate (Urbina et al., 1998) . 1998), a Ca# + -ATPase (Lu et al., 1998) and a pyrophosphatase in the membrane of the acidocalcisome, identified as a membrane-bound organelle containing an electron-dense inclusion which occupies the whole organelle as seen in cryosections (Scott et al., 1997) or part of it as seen in transmission electron microscopy of routinely processed cells. The available data suggest that this organelle plays an important role in the homeostasis of Ca# + , whose mobilization was shown to influence host cell infection by L. amazonensis amastigotes (Lu et al., 1997) . Ca# + present in these organelles may also be involved in the stacking of parasite membranes, since it can promote a rapid interaction between multilamellar phospholipid vesicles (Rand et al., 1985) , resembling the myelin-like figures observed in SBI-treated L. amazonensis.
Previous studies have shown that drugs such as acriflavine and suramin (Macadam & Williamson, 1974a, b) also induce the appearance of electron-dense inclusion vesicles. However, further studies are necessary to determine whether they are of the same nature. Our observations on SBI-treated cells showed the presence of a large number of normal and polymorphic electron-dense acidocalcisome-like organelles surrounded by profiles of the ER. The images obtained were suggestive of an autophagic process, as characterized in detail in other cell systems (reviewed by Dunn, 1990 Dunn, , 1994 . It is well known that drugs such as suramin (Macadam & Williamson, 1974b) can induce autophagy but the mechanisms underlying this process remain to be clarified. ER breakdown and phospholipid accumulation have been reported in drug-treated T. rhodesiense (Macadam & Williamson, 1974b) . The phosphorus content of these organelles might be derived from rRNA autophagic hydrolysis since ribosome degradation has been reported (Macadam & Williamson, 1974b) . This seems unlikely in ketoconazole-and terbinafine-treated L. amazonensis since, contrary to membrane whorls, ribosome aggregates were not observed in forming autophagic vacuoles. It is reasonable to suppose that the enhanced membranous content of the autophagic vacuoles indicates an altered phospholipid turnover rate. The antifungal effects of SBI are believed to involve the accumulation of aberrant and toxic sterols in the plasma membrane (Groll et al., 1998) but cytoplasmic lipid deposits were also observed in SBI-treated Leishmania, possibly resulting from a dysfunction in autophagy regulation (Vannier-Santos et al., 1995) .
Enzyme cytochemistry demonstrated the presence of reaction products indicative of acid phosphatase activity associated with some acidocalcisomes, thus suggesting their relation with lysosomes. Plasmodium acid phosphatase-and hydrolase-positive compartments, rather similar to the ones observed here, have been reported to be localized near digestive vacuoles in close contact with residual bodies (Slomianny & Prensier, 1990) . The cytochemical detection of hydrolytic enzymes does not necessarily imply their activity in these compartments under natural conditions, but the intergradation of the acidocalcisome contents strongly suggests a digestive function.
The detection of both fluid-phase and receptor-mediated endocytic tracers within acidocalcisome-like compartments further supports the association of these organelles with the endosomal\lysosomal pathway. Interestingly, we have previously observed that goldlabelled transferrin endocytosed by L. amazonensis amastigotes is delivered to lysosomes rather than recycled (Borges et al., 1998) as in African trypanosomes (Grab et al., 1992) . The detection of nitrogen by elemental mapping may be indicative of the presence of proteins in these compartments. In this regard it is important to point out that the concentration of polyphosphate synthesized in mammalian cells is much higher than that of P i plus ATP (Kumble & Kornberg, 1995) . Therefore, the participation of membrane com-Drug-induced biogenesis of acidocalcisomes ponents is suggested (Kornberg, 1995) . Interestingly both phosphate (Rand et al., 1985 ; Pisoni & Lindley, 1992) and calcium (Haller et al., 1996 ; Kempler, 1985 ; Lemons & Thoene, 1991) are incorporated into lysosomes of mammalian cells. The function of the phosphate environment in the autophagic pathway may be especially relevant in micro-organisms that accumulate polyphosphate. In yeast cells up to 99 % of the polyphosphate is found in lysosome-related vacuoles (Kornberg, 1995) . The lysosomal participation in the formation of the compartment is further supported by sialic acid detection using gold-labelled Limax flavus agglutinin (Vannier-Santos et al., 1991) . It is noteworthy that pyrophosphate is the most abundant phosphate compound in trypanosomatid and apicomplexan parasites (Urbina et al., 1998) .
Based upon the inability to accumulate gold-labelled transferrin (Scott et al., 1997) , T. cruzi acidocalcisomes have been reported to not be involved in the endosomal pathway. Nevertheless, gold-labelled transferrin, unlike BSA, was only detected in a small part of the T. congolense endosomal system and therefore may not be a good endocytic tracer. It cannot be ruled out that among different species and under distinct experimental conditions these compartments may display discrete chemical compositions (Scott et al., 1997) and therefore play different roles. It has been pointed out that there is no evidence that Trypanosoma brucei acidocalcisomes are separate organelles and the acidic calcium pools may be related to lysosomes or endocytic vesicles (Xiong et al., 1997) as in mammalian cells. The detection of acid phosphatase and endocytic tracers in Leishmania Ca# + -and phosphorus-rich compartments strongly suggests that they may intersect lysosomes or residual bodies of the endocytic\autophagic pathway which are found in normal parasites but may be enhanced by chemotherapy-induced metabolic dysfunction. These observations suggest a close association of the endosomal\ lysosomal system with acidocalcisomes during the autophagic process in normal parasites or induced by antimicrobial agents in Leishmania.
